The rotavirus genome consists of 11 segments of dsRNA that are replicated asymmetrically with plus strand RNA serving as the template for minus strand RNA synthesis. In this study, we have used nondenaturing gel electrophoresis to examine subviral particles that synthesize dsRNA (replicase particles), for possible changes in structure during RNA replication. Analysis of SVPs purified from simian rotavirus SAil-infected MA104 cells and resolved on 0-6% agarose gels containing 50 mM-Tris-glycine pH 8.8 showed that the overall size of particles able to synthesize dsRNA in a cell-free system was 100 nm or more. Electrophoretic analysis of the size of replicase particles as a function of length of incubation in the cell-free system demonstrated that replicase particles decreased in size with increasing length of incubation. However, after 60 to 90 min of incubation, replicase particles no longer changed in size but were similar in size to the rotavirus single-shelled (75 nm), core (60 nm) and precore (45 nm) replicative intermediates which have been described previously. As the size of replicase particles decreased with increasing length of incubation, the number of newly made genome-length dsRNAs in the particles increased. Analysis of the RNA products detected in replicase particles showed that RNA replication is regulated such that the synthesis of full-length dsRNAs in the replicase particle proceeds from the smallest to the largest genome segments. Treatment of replicase particles with single-strand-specific RNase reduced their size to that of replicative intermediates and interfered with their ability to synthesize dsRNA, thus indicating that the plus strand RNA template for replication extends from the replicase particle. This study showed that replicase particles undergo a continuous change in size during RNA replication due apparently to plus strand RNA templates moving into the replicase particle during the synthesis of dsRNA. 0000-9340 © 1990 SGM
Introduction
Rotaviruses are members of the family Reoviridae and are a major cause of infantile gastroenteritis (reviewed by Christensen, 1989) . Infectious rotavirions have a genome that consists of 11 segments of dsRNA surrounded by at least two layers (shells) of protein (Petrie et al., 1981) . The inner shell of simian rotavirus SA11 contains a core made up of the genome and the viral proteins VP1 (125K), VP2 (94K) and VP3 (88K, gene 3 product) (Liu et al., 1987) . Covering the core is the major inner shell protein VP6 (41K) (Bican et al., 1982; Ericson et al., 1982) . Particles that contain only the inner shell proteins can be isolated from infected cells and are able to synthesize viral mRNAs in vitro via an associated transcriptase activity (Cohen, 1977; Mason et al., 1980; Helmberger-Jones & Patton, 1986) . Bican et al. (1982) have shown that the removal of VP6 from single-shelled particles produces cores which are transcriptionally inactive. Reconstitution of cores with purified VP6 restores polymerase activity suggesting that VP6 is an essential component of the viral transcriptase (Bican et al., 1982; Sandino et al., 1986) . The outer shell of rotavirus SA11 contains VP7 (34K), a glycoprotein, and VP4 (88K, gene 4 product), the trypsin-sensitive precursor of VP5 (60K) and VP8 (28K) (Espejo et al., 1981; Estes et al., 1981; Liu et al., 1987; Ericson et al., 1982) . The rotavirus genome encodes several non-structural proteins including the phosphoprotein NS26 (gene 11 product) (Welch et al., 1989) and the ssRNA-binding protein NS35 (L. L. Clapp & J. T. Patton, unpublished results) .
In previous work, we developed a cell-free system to study the replication of rotavirus RNA . Subsequently, a non-denaturing electrophoretic gel system was used to resolve subviral particles (SVPs) which synthesized dsRNA in the cell-free system (Gallegos & Patton, 1989) . Analysis of these SVPs indicated that three distinct types of replication intermediates (RIs) are present in infected cells: the smallest intermediate, the precore RI (45 nm), contains the structural proteins VP1 and VP3 and the non-structural proteins NS35, NS34 and NS26; the second type of intermediate, the core RI (60 nm), is made up of the same proteins as found in the precore RI but also contains VP2; the largest intermediate, the single-shelled RI (75 nm), contains the same proteins found in the core RI but also contains VP6. The results of these studies led us to suggest that single-shelled particles are formed by the sequential addition of VP2 and VP6 to the precore RI and that SVPs, while undergoing morphogenesis into single-shelled particles, concurrently synthesize dsRNA (Gallegos & Patton, 1989) . The recovery of SVPs from the cell-free system that contained dsRNA but lacked VP6 indicated that, unlike the viral transcriptase, VP6 was not a required component of the viral replicase.
Previous studies have demonstrated that rotavirus RNA replication, like that of the reovirus, is an asymmetrical process whereby viral plus strand RNA (mRNA) serves as the template for the synthesis of minus strand RNA producing dsRNA Sakuma & Watanabe, 1971; Schonberg et al., 1971; . The dsRNA product is not released following RNA replication but remains associated with the particles in which it is synthesized (Zweerink et al., 1972; . A common feature of rotavirus and reovirus SVPs that synthesize viral dsRNA (replicase particles) is their extreme sensitivity to inactivation by treatment with single-strand-specific RNases . A possible explanation for this phenomenon is that the plus strand RNA which acts as the template for genome replication may extend from the surface of the replicase particle and is thus susceptible to nuclease digestion. In the study reported here, we have used non-denaturing electrophoretic techniques to examine the structure of rotavirus replicase particles with respect to the possible location of plus strand RNA templates and the possible movement of the templates into replicase particles during genome replication. Our results show that the overall size of replicase particles is significantly reduced by nuclease treatment indicating that ssRNA is present on such particles. Analysis of SVPs recovered from the cell-free system after various lengths of assay showed that, during RNA replication, the size of replicase particles decreased in parallel with the appearance of full-length dsRNA in these same particles. These data indicated that plus strand RNA templates extend from newly formed replicase particles and are drawn into the particles during dsRNA synthesis.
Methods
Cells and virus. Foetal rhesus monkey kidney (MA104) cells were grown in Eagle's MEM containing 10% foetal bovine serum. Stocks of simian rotavirus SAIl were prepared from plaque-purified virus, as described by Helmberger-Jones & Patton (1986) . Virus inoculum was activated by incubation with 5 lag/ml of trypsin (Difco, 1:250) for 30 min at 37 °C immediately before use. Double-and single-shelled virions were labelled with [3H]uridine and purified from SA11-infected MA104 cells by centrifugation on CsC1 gradients (Patton & Stacy-Phipps, 1986) .
Preparation ofSAll subviralparticles. The preparation of SVPs from rotavirus-infected cells was described previously (Helmberger-Jones & Patton, 1986) . Briefly, confluent monolayers of MA104 ceils grown in 10 cm tissue culture dishes were infected with 5 to 10 p.f.u, of activated rotavirus SAll and maintained in the presence of serum-free MEM containing 5 ~tg/ml of actinomycin D. At 6 h post-infection (p.i.) the cells were harvested into cold hypotonic buffer (0.01 M-NaCI, 0.01 M-Tris-HCl pH 8.1, 1.5 mM-MgC12) and lysed by Dounce homogenization. Nuclei and large cellular debris were removed from the lysate by centrifugation at 12000 g for 10 min at 4 °C. In some cases, a portion of the lysate was treated with 10 lag/ml of micrococcal nuclease for 20 min at 20 °C in the presence of l mM-CaC12 to remove ssRNAs . Afterwards, the nuclease was inhibited by the addition of EGTA to 2 mM. SVPs were collected from lysates by centrifugation on 3.5 ml gradients of 15 to 30% sucrose in TMN buffer [3 mM-Tris-HC1 pH 8.1, 66 mM-NH4CI, 3 mM-magnesium acetate, 14 raM-potassium acetate, 1 mM-dithioerythritol (DTE)] at 200000 g for 2 h at 4°C. The pellets containing the SVPs were resuspended in HGD buffer (10 mM-HEPES-HC1 pH 7"6, 10% glycerol, 2 m~-DTE). To prepare 35Slabelled SVPs, infected cells were maintained in methionine-free MEM and 20 ~tCi/ml of 35S-labelled amino acids (Tran35S-label, 1050 Ci/mmol, ICN Chemical and Radioisotope Division) for 3 h prior to harvest.
Cell-free RNA synthesis. The components of the cell-free system used to assay rotavirus SVPs for polymerase activity were identical to those reported earlier . Unless otherwise noted, reactions were incubated for 90 min at 30 °C and contained 50 ktCi/ml of [ct-32p]UTP (650 Ci/mmol). Reactions containing SVPs recovered from 15 to 30% sucrose gradients or eluted from Tris-glycine agarose gels (TGA gels :0.6% agarose containing 50 mM-Tris~lycine pH 8-8) were assayed in final volumes of 25 or 100 ktl, respectively. In some cases, the products of reactions were treated with 0.4 mg/ml of RNase A for 20 min at 23 °C prior to electrophoresis on TGA gels (Gallegos & Patton, 1989) .
Gel electrophoresis of SVPs and RNAs. The analysis of SVPs by electrophoresis on horizontal TGA gels was described earlier (Gallegos & Patton. 1989) . Samples were adjusted to 1% CHAPS prior to electrophoresis. Gels were electrophoresed for 6 to 8 h at 175 V at room temperature until the bromophenol blue dye front had migrated 23 to 28 cm, and then were exposed to Kodak XAR-5 film. SVPs were recovered from pieces of wet gels by passage through syringes plugged with glass wool to remove the agarose. SVPs eluted from gels were assayed for polymerase activity in the cell-free system or deproteinized by phenol and analysed for RNA content by electrophoresis on 10% polyacrylamide gels (Laemmli, 1970) .
Results

Recovery of particles with replicase activity from nondenaturing gels
Rotavirus replicase particles appear to be heterogeneous in nature consisting of a population of particles that vary in protein content, size and density (Helmberger-Jones & (Gallegos & Patton, 1989) . As markers, a mixture of 3 H-labelled single-and double-shelled virions [labelled 'ssh' and 'dsh' respectively in (a)] were electrophoresed in a parallel lane and detected by fluorography (lane 1) (Wertz & Davis, 1979) . Based on electrophoretic analysis of the protein content of SYPs which migrated to regions labelled 'd' to 'f' in (a), regions 'd', 'e' and 'f' were shown to contain the rotavirus single-shelled RIs (ssRl), core RIs (cRI), and precore RIs (pcRl) respectively. Virion-derived cores comigrate with precore RIs (Gallegos & Patton, 1989) . (b) To detect the regions of the TGA gel containing replicase particles, nonassayed SVPs were resolved by electrophoresis on a TGA gel. Particles in regions of the gel corresponding to 'a' to "f' (a) were eluted and assayed in the cell-free system in the presence of [32p]UTP . RNA products were purified by phenol extraction and analysed by electrophoresis on a 10% polyacrylamide gel and by autoradiography. The positions of the 11 genome segments in the polyacrylamide gel are indicated and were determined following autoradiography by staining the same gel with silver (Bio-Rad). Fulllength viral mRNAs migrate in 10% polyacrylarnide gels above the position of genome segment 1 (see . (c) 32p-labelled RNAs in regions 'a' to 'f' of lane 2 of the TGA gel shown in (a) were eluted, purified by phenol extraction and analysed by electrophoresis on a 10~ polyacrylamide gel and by autoradiography. The position of the genome segments in the gel are numbered and the regions of the TGA gel containing the single-shelled ('d'), core ('e') and precore RIs ('f') are indicated. Patton & Gallegos, 1988; Gallegos & Patton, 1989) . This heterogeneity m a y be due in part to changes that occur in the structure of a replicase particle as it carries out d s R N A synthesis. To test whether replicase particles undergo a change in structure as they synthesize d s R N A , we used a non-denaturing electrophoretic gel system to c o m p a r e particles which have associated replicase activity with particles that, as a result of R N A replication, contain full-length d s R N A s . SVPs were purified at 6 h p.i from the cytoplasm of SA11-infected cells and a portion of the SVPs were then assayed for polymerase activity in a cell-free system which supports both S A l l R N A replication and transcription .
[32p]UTP was included in the system to radiolabel newly m a d e R N A . The products of the reaction were subjected to electrophoresis on a T G A gel. SVPs that had not been assayed for polymerase activity in the cell-free system prior to electrophoresis (henceforth referred to as non-assayed SVPs) were subjected to electrophoresis in a parallel lane of the gel.
As expected from previous studies, particles from the cell-free system that contained 32p-labeUed d s R N A migrated in the TGA gel at positions between virionderived cores and intermediate of single-and doubleshelled virions ( Fig. l a, lane 2, and c). Analysis for protein content of the regions of the TGA ge I that contained 32p-labelled dsRNA led to the identification of particles in regions of the TGA gel labelled 'd', 'e' and 'f' in Fig. 1 (a) , as the single-shelled, core and precore RIs, respectively. To identify those regions of the TGA gel which contained SVPs with replicase activity, particles were eluted from a lane of the TGA gel in which non-assayed SVPs had been resolved (lane not shown).
The non-assayed SVPs from regions 'a' to 'f' of the TGA gel shown in Fig. 1 were then assayed for RNA polymerase activity in the cell-free system. The 32p_ labelled RNA products of the reactions were analysed by electrophoresis on a 10~ polyacrylamide gel. In this gel system, viral dsRNAs can be fully resolved whereas fulllength viral mRNAs migrate closely together between the origin and the position of the dsRNA of genome segment 1 . Based on their ability to synthesize 32p_labelled RNA that comigrates with SA11 dsRNAs markers, nearly all non-assayed SVPs with replicase activity migrated to region 'b' of the TGA gel ( Fig. I b) . Replicase particles recovered from region 'b' of TGA gels routinely replicated the smaller genome segments (5 to 11) to completion in the cell-free system but often showed an inability to promote the full-length synthesis of the larger segments (1 to 4). One possible explanation for this is that the larger plus strand RNA templates associated with replicase particles are at greatest risk of mechanical breakage during the elution of replicase particles from TGA gels. Little or no replicase activity was detected in regions of the TGA gel which contained the precore, core or single-shelled RIs. By comparision of the migration rates of the non-assayed SVPs in region 'b' of the TGA gel with single-and double-shelled particles (70.5 and 85.5 nm, respectively), most replicase particles were estimated to have an overall size of 100 nm or more. Thus non-assayed replicase particles appear to be significantly larger than particles which contain genome-length dsRNAs produced as a result of RNA replication, i.e. the singleshelled (75 nm), core (60 nm) and precore RIs, (45 nm) (Gallegos & Patton, 1989) . Analysis of the RNA products made by non-assayed SVPs resolved on TGA gels revealed that most particles with transcriptase activity migrated to the region designated 'd' in Fig. 1 (a) . When assayed in the cell-free system, particles in region 'd' synthesized the greatest quantity of 32p-labelled RNAs which comigrated with authentic viral mRNAs on 10~ polyacrylamide gels (Fig. 1 b) . The radiolabelled RNA products made by the particles eluted from region 'd' of the TGA gel were sensitive to degradation by RNase A showing that they were single-stranded in nature (data not shown). The fact that most transcriptase particles migrated in TGA gels near the position of single-shelled virions indicated structural similarities between these particles. In contrast, the difference in migration rates of replicase and transcriptase particles on TGA gels showed that these particles were structurally distinct.
Change in the size of replicase particles during the synthesis of dsRNA.
Replicase particles eluted from the TGA gel were greater in size than RIs containing full-length dsRNA; this suggests that replicase particles undergo a reduction in size during the synthesis of dsRNA. To test this possibility, SVPs prepared from SA 11-infected cells were assayed in the cell-free system for periods ranging from 5 to 90 min. The 32p-labelled products of the reactions were analysed by electrophoresis on a TGA gel. The results showed that with increasing length of incubation the average size of particles containing 32p-labelled RNA decreased. The 32P-labelled SVPs detected after incubation for brief periods of time (5 to 10 min) migrated on TGA gels at or near the region at which nonassayed SVPs with replicase activity were detected (see Fig. 1 a, lane 4) . Not until after 60 to 90 min of incubation did the pattern of 32p-labelled SVPs no longer change with respect to increasing length of incubation. The pattern produced after 60 to 90 min of incubation was the same as that seen in a previous study in which the SA11 precore, core and single-shelled RIs were identified (Gallegos & Patton, 1989) . The fact that the larger 32p_ labelled SVPs detected in reactions after short periods of incubation (5 to 30 min) disappeared with increasing lengths of incubation, while smaller 32p-labelled SVPs appeared, indicated that the larger SVPs were precursors of the smaller SVPs. To analyse the types of RNA products associated with SVPs incubated for different lengths of time in the cell-free system, 32P-labelled SVPs were eluted from regions designated 'a' to 'g' of the TGA gel shown in Fig. 2(a) . RNA was recovered from these particles by phenol extraction and analysed by electrophoresis on a 10~ polyacrylamide gel. Of the 32p_ labelled RNA recovered from replicase particles incubated in the cell-free system for 5 min (region 'a'), little of it included radiolabelled RNA that comigrated with virion-length dsRNA (Fig. 2b, lane a) . However, after 15 min of incubation, 32p-labelled SVPs (region 'b') contained readily detectable levels of newly made genome segment 10 and 11 dsRNAs but contained little or no newly made dsRNA corresponding to segments 1 to 9. After 30 min of incubation, 32p-labelled SVPs (region 'c') contained readily detectable levels of newly made genome segments 5 to 11 dsRNA but lacked newly RNase digestion of the products of a 90 rain reaction produces reproducible intense bands of 3zp-labetled RNA product at the region of single-shelled and precore RIs (see Gallegos & Patton, 1989) . To analyse the 32p-labelled RNA composition of SVPs incubated for 5 to 90 min, radiolabelled RNA in regions 'a' to 'g' of the TGA gel shown in (a) were recovered and resolved by electrophoresis on a 10~ polyacrylamide gel and by autoradiography (b). The exact regions examined for RNA content were those to the immediate left of the bars labelled 'a' to 'g' in (a). The position of the 11 genome segments in the polyacrylamide gel are indicated. Regions 'e', 'f' and 'g' contained the single-shelled, core and precore RIs, respectively. To examine SVPs preincubated for 30 min in the cell-free system for replicase activity, SVPs were incubated for 30 min in a reaction containing no radiolabelled nucleotides and then separated by electrophoresis on a TGA gel. SVPs in the region of the gel corresponding to 'c' in (a) were recovered and assayed for 90 min in the cell-free system in the presence of [32p]UTP. The RNA products of the reaction were deproteinized by phenol extraction and analysed by electrophoresis on a 10 ~ polyacrylamide gel and by fluorography (lane c').
made segments 1 to 4 dsRNA. Examination of the R N A content of 32p-labelled SVPs incubated for 60 min which migrated on the T G A slightly slower than single-shelled RIs (region 'd') showed they contained newly made dsRNAs which corresponded to all the genome segments except that of segment 1. As expected from earlier studies (Gallegos & Patton, 1989) , after 90 min of incubation the single-shelled (region 'e'), core ('f') and precore ('g') RIs all contained newly made dsRNAs corresponding to all 11 genome segments. In summary, although the size of 32p-labelled SVPs decreased with increasing length of incubation in the cell-free system, the number of radiolabelled dsRNAs in the particles increased. The sequential appearance of the small, medium and then large segments of radiolabelled dsRNAs in replicase particles provided evidence that the sequence of replication of the genome segments was an ordered process. A prediction that can be made from these data is that the larger radiolabelled SVPs recovered from reactions after short periods of incubation although containing only the 32p-labelled dsRNAs of the smaller genome segments remain able to synthesize the larger genomic dsRNAs but only with increasing lengths of incubation. To test this possibility, SVPs prepared from infected cells were assayed for 30 min in the cell-free system in the absence of radionucleotides. Afterwards, the products of the reaction were resolved on a T G A gel. SVPs migrating to region 'c' of the T G A gel represented in Fig. 2(a) were eluted and assayed for replicase activity in the cell-free system in the presence of [32p]UTP for 90 min. Region 'c' corresponds to that region of the T G A gel where most 32p-labelled SVPs migrate after 30 min of incubation. The R N A products of the reaction containing the eluted SVPs were purified by phenol extraction and analysed by electrophoresis on a 1 0~ polyacrylamide gel. The predominant 32p-labelled d s R N A products made by SVPs pre-assayed for 30 min in the absence of radionucleotides were those corresponding to genome segments 1 to 4 (Fig. 2b, lane c') . Thus, SVPs which were able to synthesize predominantly genome segments 5 to 11 during the first 30 min of incubation were competent in their ability to replicate to completion the remaining genome segments, i.e. 1 to 4, with increasing length of incubation. These data support a hypothesis that there is an ordered synthesis of dsRNAs in replicase particles with the smallest genome segments being completed first and the largest segments last.
The size of replicase particles is affected by the presence of single-stranded RNAs
Rotavirus and reovirus replicase particles treated with single-strand-specific RNases are unable to synthesize genome-length dsRNAs .
The simplest interpretation of this result is that the plus strand R N A templates for d s R N A synthesis extend from the replicase particle and that during d s R N A synthesis the template moves into the replicase particle where the d s R N A product is ultimately located. The movement of plus strand templates into the particle could account for the fact that replicase particles undergo a decrease in size as they are synthesizing dsRNA. To test the possibility that plus strand R N A s extending from the surface of nuc-prdt + . . . . Fig. 3 . The size of replicase particles is reduced by nuclease treatment. A portion of a cytoplasmic lysate prepared from rotavirus-infected cells was treated with micrococcal nuclease . SVPs were then recovered from the treated lysate and from untreated lysate by centrifugation on sucrose gradients. SVPs from untreated and treated lysates were then incubated in the cell-free system for 5 or 90 rain and the 32Pqabelled products of the reactions analysed by electrophoresis on a TGA gel. The products of reactions incubated for 5 or 90 rain and containing untreated SVPs and the micrococcal nuclease-treated SVPs (nuc SVPs) are indicated (+). The RNase A-resistant products of a reaction (nuc-prdt) that was incubated for 90 min and contained untreated SVPs were used to identify the position of single-shelled (ssRI), core (cRI) and precore (pcRI) RIs in the TGA gel.
replicase particles could increase their overall size, SVPs were treated with micrococcal nuclease to remove ssRNAs. The treated SVPs were then assayed in the cellfree system for 5 min in parallel with a reaction containing untreated SVPs. The 32p_labelled products of both reactions were then analysed by electrophoresis on a ssRI[ cRI I pcRI I bdsh -ssh Fig. 4 . Effect of length of incubation on the nuclease-resistant structure of replicase particles. 35S-labelled SVPs were assayed for 5 or 90 rain in the cell-free system containing [3zp]UTP. Afterwards, portions of reactions were treated with RNase A prior to electrophoresis on a TGA gel. Lane 1 shows the untreated products of a reaction incubated for 5 rain. Lanes 2 and 3 show the RNase-resistant products of reactions incubated for 5 and 90 rain, respectively. Bands detected in lanes 1 to 3 of the gel labelled 'ssh' and 'dsh' were produced by the 35Slabelled single-shelled and double-shelled virions present in the SVP preparation and were used as internal standards on TGA gels. The positions of single-shelled (ssRI), core (cRI) and precore (ssRI) RIs on the TGA gel are indicated.
TGA gel. As expected, untreated SVPs produced a band of radiolabelled product on the gel significantly above the position of single-shelled RIs (Fig. 3, lane 5) . In contrast, the treated SVPs produced a pattern of 32p_ labelled product on the TGA gel similar to that seen for untreated SVPs but only after assay for 90 rain (Fig. 3,  lane 4) . Thus, a nearly identical reduction in the size of non-assayed replicase particles was achieved either by treating the particles with nuclease or by assaying the particles for lengths of time that allow them to carry out the complete synthesis of all 11 genomic dsRNAs. Electrophoretic analysis of the dsRNA product made by the treated SVPs which migrated to the position of single-shelled, core and precore RIs on the TGA gel showed that it included small dsRNA products (data not shown). The origin of the small dsRNA is not known but most likely represents the synthesis of minus strand RNA on.short stretches of plus sense ssRNA in replicase particles that were not accessible to degradation by micrococcal nuclease. The decrease in the overall size of replicase particles with increasing lengths of incubation in the cell-free system may be due partially to a gradual loss of protein from these structures. To test whether the protein structure of replicase particles changed during assay, SVPs were incubated in reactions of the cell-free system for 5 or 90 min. 32p-labelled products of both reactions were then treated with RNase and then analysed by electrophoresis on a TGA gel. The patterns of 32p_ labelled products detected on the TGA gels by the SVPs assayed for 5 and 90 min were indistinguishable and included intense bands of radiolabelled material at the position of single-shelled and precore RIs (Fig. 4, lanes 2  and 3) . This result provided evidence that there was no change in the protein structure of the nuclease-resistant component of the replicase particle during incubation in the cell-free system. This does not rule out the possible loss of ssRNA-binding proteins from replicase particles as plus strand RNA templates are replicated into dsRNAs.
Discussion
Previous studies have shown that treatment of rotavirus replicase particles with single-strand-specific RNase interferes with their ability to synthesize dsRNA . This indicates that the spatial arrangement of the 11 plus strand RNA templates in the replicase particle is such that the templates are exposed and may extend from the particle. In contrast to the nuclease sensitivity of the plus strand template, studies by Patton & Gallegos (1988) have shown that the dsRNA products of replicase particles are resistant to digestion by double-strand-specific RNase. These results suggest that, as the plus strand RNAs are replicated, they move from an area of the replicase particle where they are accessible to nuclease digestion to an area where they are inaccessible. To account for differences in the nuclease sensitivity of the plus strand RNA template and dsRNA product associated with replicase particles, we have used non-denaturing electrophoretic techniques to examine rotavirus replicase particles for possible changes in structure during RNA replication. Analysis of rotavirus SVPs recovered from infected cells and separated by electrophoresis on TGA gels showed that particles with replicase activity had a size of 100 nm or more. This size was significantly greater than that of particles which contained the dsRNA products of replication, i.e. the single-shelled (75 nm), core (60 nm) and precore (45 nm) RIs (Gallegos & Patton, 1989) . Electrophoretic analysis of the size of replicase particles as a function of length of incubation time in the cell-free system demonstrated that replicase particles decreased in size with increasing length of incubation. However, after 60 to 90 min of incubation in the cell-free system, replicase particles no longer changed in size but produced, upon electrophoresis on TGA gels, a pattern of 32p_labelled SVPs similar to that seen in an earlier study on the structure of rotavirus RIs (Gallegos & Patton, 1989) . As the size of replicase particles decreased with increasing length of incubation, the number of newly made genome-length dsRNAs detected within the particles increased. Thus, the decrease in size of replicase particles also correlated directly with a reduction in the amount of plus strand RNA templates associated with the particles.
In this study, we found that replicase particles treated with micrococcal nuclease prior to assay for 5 min in the cell-free system did not comigrate on TGA gels with untreated replicase particles assayed for a similar length of time. Instead, the 32p-labelled SVPs made by the treated replicase particles, although not containing genome-length dsRNAs, comigrated on TGA gels with 32p-labelled SVPs made by untreated replicase particles~ which had been assayed for 60 to 90 rain and contained a fully replicated genome, i.e. single-shelled, core and precore RIs. Thus removal of ssRNAs caused a change in replicase particles such that they had an overall size similar to that of RIs containing fully replicated genomes. To affect the size of replicase particles, it seems apparent that the nuclease-sensitive RNA must actually extend from the particles and not merely be located in channels between the surface and the centre of each replicase particle. The fact that the nuclease-treated SVPs were able to synthesize only short dsRNA products instead of full-length dsRNAs indicated that the nuclease-sensitive RNA associated with replicase particles included the plus strand RNA templates used in replication. Therefore the decrease in size of replicase particles during dsRNA synthesis is probably due, at least in part, to the presence of the plus strand RNA templates extending from and moving into the replicase particles during RNA replication. It is not known whether the plus strand RNA templates are pulled into a replicase particle by internally located replicases or are pushed into the particle as they are replicated by externally located replicases. Based on migration on TGA gels, the change in overall size of a replicase particle during RNA replication is 25 to 50 nm or more. It is uncertain whether the removal of plus strand RNAs extending from the surface of a replicase particle could alone account for this degree of change. The loss of ssRNA-binding proteins, e.g. NS35 (L. L. Clapp & J. T. Patton, unpublished results), from a replicase particle as the plus strand RNA templates are replicated probably also influences the change in size of the particle.
Earlier studies by Stacy-Phipps & Patton (1987) indicated that the replication of rotavirus RNAs is regulated such that the levels of viral dsRNAs produced in vivo are equimolar. In addition to this level of regulation, the results of this study showed that RNA replication in the replicase particle is regulated such that the synthesis of full-length dsRNA in the replicase particles proceeds in an ordered manner from the smallest to the largest genome segments. Our data do not address whether the replication of all 11 segments of dsRNA is initiated simultaneously in the replicase particle or whether initiation of replication is staggered such that the replication of the smaller segments begins prior to the replication of the larger segments. A study by Zweerink (1974) provided evidence that reovirus replicase particles also synthesize dsRNA in an ordered manner with the smallest genome segments replicated first and the largest genome segments replicated last. Based on an examination of the sedimentation properties of reovirus replicase particles in glycerol gradients, as reovirus replicase particles synthesize dsRNA they, like those of the rotaviruses, undergo a change in size (Zweerink, 1974) .
This study has shown that rotavirus replicase particles undergo a change in size during RNA replication apparently due to the plus strand RNA template moving into replicase particles during dsRNA synthesis. The results of previous work have indicated that as they carry out dsRNA synthesis replicase particles also undergo morphogenesis into single-shelled particles (Gallegos & Patton, 1989) . Thus rotavirus RNA replication seems to be a complex process that takes place in particles in which the spatial arrangement of RNA and the protein composition are concurrently changing. As a result, it is not surprising to find that replicase particles are heterogeneous in nature. This work was supported by Public Health Service Grant AI21478 from the National Institutes of Health.
